ABSTRACT We investigate the design problems of service parts network considering time-window-based service level and multiple operational flexibilities, which include no transshipment, unidirectional, and/or bidirectional transshipment, and the transshipment from support warehouse. We develop discrete event simulation models, a simulation optimization methodology and the measure indexes for system performance in order to analyze the effect of operational flexibility on system performance. Through a plenty of simulation experiments, we show that complete pooling policy is not necessarily appropriate for all spare parts networks, the performance of partial pooling policy may be close to or even outperform the one of full pooling policy in some cases. Besides, we also suggest some rough guidelines for the design of spare parts system. INDEX TERMS Spare parts network, lateral transshipment, time-window based service level, simulation optimization.
I. INTRODUCTION
After-sales service is an important factor in influencing customers' purchasing preferences. Excellent after-sales service can improve customer satisfaction and builds long term loyalty. Furthermore, after-sales service is also an important profit point of enterprises, Gallagher et al. [7] point out that service income may exceed 30% of total revenue. Therefore, after-sales service is directly related to the long term success of enterprises and the reputation of their products.
An effective and efficient spare parts network is the key to achieve firm's after-sale service commitment. Owing to the expensive cost of expanding the supply system and maintaining an adequate inventory of spare parts, as well as the uncertainty and imbalance of spare parts demand, many enterprises are now more concerned about the flexibility of the existing supply system. Lateral transshipment (LT) is a common strategy of flexible service and inventory sharing in practice. For instance, the cross-stratum optimization of application and optical network stratum resources by Yang et al. [34] - [36] , as well as crosstalk aware core, mode, and spectrum assignment strategy of few-mode multicore fibers by Yao et al. [37] , can be viewed as horizontal collaboration. LT can reduce the overall inventory of the system and improve service quality, which has been studied by many authors (see Paterson et al. [21] ). However, most existing literature is focused on the evaluation and optimization of system performance under a given network configuration and supply flexibility. Only a small amount of the literature considers the design of spare parts network with bidirectional transshipment (e.g. van Utterbeeck et al. [28] , Tiacci and Saetta [26] ). Undoubtedly, two-way LT is the main flow. Nevertheless, owing to the difference of shortage cost and/or the logistic obstacle, there may exist unidirectional LT(e.g. Ching [5] , van Wijk et al. [29] , Axsäter et al. [4] , Howard et al. [9] , & Patriarca et al. [22] ), even the mixing case of unidirectional and bidirectional LT (e.g. Kranenburg and Van Houtum [11] , Yu et al. [38] ).
In practice, customers usually have existing expectations of the response times they expect business enterprises to meet. Likewise, enterprises generally also package their service and spare parts at prices reflecting the response times. Therefore, time-based service level constraints should be considered in the design and operation of spare parts network. There are two ways of measuring the service level in the literature, i.e., the fill rate and response time of customer demand. For a spare parts system, the latter is far more important than the former.
In view of the importance of the spare parts network, as well as the lack of research on the supply flexibility and spare parts network design, we concentrate on the effects of transshipment flexibility on the design of spare parts network under time-window based service level. The supply flexibility considered in this paper includes no LT, unidirectional LT (ULT) or/and bidirectional LT (BLT), as well as LT from support warehouse (SLT).
The remainder of this paper is outlined as follows. Section 2 reviews the related research. Section 3 gives the structures of spare parts network to be considered. Section 4 describes the simulation optimization approach. Section 5 presents the numerical experiments and the results obtained. Section 6 ends the paper with some concluding remarks.
II. RELATED RESEARCH
There are many researches on the multi-location inventory system with transshipment, interested readers can refer to the excellent comprehensive review provided by Paterson et al. [21] . Taking into account the relevance to our research, here we only review the research undertaken on the network design, service levels, and unidirectional transshipment.
There are two sources of literature on the design of a spare parts transshipment network. For single-level and two-level system with two local warehouses, van Utterbeeck et al. [28] consider 3 types of resupply flexibility including no LT, LT only, and both LT and emergency replenishment (ER), as well as 6 supply system designs and time-based service level. For two-level multi-location system, Tiacci and Saetta [26] construct 72 types of network structure with two preventive transshipment policies by considering the following network configuration parameters: the number of local warehouses, order lead time, the uncertainty of demand, and the variability of order quantity. In contrast, the design of non-spare parts network is more concerned and can be used as reference for the design of spare parts network. For a single-level 3-location distribution network, Yu et al. [38] consider 6 types of typical operational flexibility of one-way and two-way LT between local warehouses. Lien et al. [17] consider oneway and two-way loop chain configuration for N-retailer system, respectively. For a one-warehouse two-retailer system, Rosales et al. [23] give a direct comparison of the merits of incorporating an allocation strategy from an intermediate depot versus developing a transshipment structure between retailers. However, the above three researches don't consider service level constraints. Naseraldin and Herer [20] consider system-wide service level for the location -inventory problem with multiple retailers and transshipment. For a twoechelon emergency supply chain, Han and Wei [8] design two new strategies, LT plus ER, and LT plus ER plus Constant Work in Process.
For a spare parts network, Lee [16] , Axsäter [3] , [4] , Kukreja et al. [13] , Kukreja and Schmidt [12] , Wong et al. [30] , and Huo and Li [10] consider the fill rate constraints, Sherbrooke [25] provides a formula to estimate the expected backlogging level while Patriarca et al. [22] consider the availability constraints similar to the fill rates. There are more papers considering time-based service level, in all of which, a continuous review (S-1, S) policy is adopted. Cohen et al. [6] consider a multi-level arborescent inventory system of low-demand expensive product, where it is assumed that the probability of delivery time exceeding the specified time is less than the specified value. Kranenburg and Van Houtum [11] assume the condition that the expected waiting time for an arbitrary request from each group does not exceed its target aggregate mean waiting time. van Utterbeeck et al. [28] also consider the constraints that the average customer waiting time at each local warehouse is required to be less than a specified threshold. For a singlelevel N -location inventory system, Tiemessen et al. [27] considers different response time constraints for multiple customer classes, Yang et al. [33] consider pipeline inventory and the service level constraints for the customer-oriented instantaneous and T -response time. The following researches focus on a two-level inventory system consisting of a central warehouse and N local warehouses. Alfredsson and Verrijdt [1] provide the calculation formula of customers' expected waiting time. Kutanoglu [14] , Kutanoglu and Mahajan [15] , and Reijnen et al. [24] consider the transshipment, emergency orders and time-window based service level. Howard et al. [9] extend their study to the case of a pipeline order and SLT, and consider the backorder endurance time and waiting time cost of a customer. For the case of multiple items, Wong et al. [31] , [32] consider the average customer waiting time constraint of all products at local warehouse, Alvarez et al. [2] take into account maximum waiting time constraints for both high quality and lower-quality customers. As an exception, Lee et al. [17] investigate a two-echelon single-item system with periodic review base stock policy. They define service level as the probability of no shortages before the reorder point after period t, and then propose a new lateral transshipment policy called service level adjustment, which integrates proactive and reactive transshipment.
The research on a spare parts system with ULT is scarce. Patriarca et al. [22] provide a ULT multi-item model for a two-echelon structure, which is subject to the constraints of budget and strict service level. In Axsäter et al. [4] and Howard et al. [9] , goods are allowed to ship from support warehouse to local warehouse with no stock. Ching [5] studies a m-location one main depot inventory system under continuous review one-for-one replenishment policy, where the demand at a local warehouse will overflow to the main depot if the maximum level of its backlogs is attained. van Wijk et al. [29] address a multi-location spare parts inventory networks where the demand of local warehouse can be satisfied by the stock transfer from the quick response warehouse in the case of shortage. In particular, Kranenburg and Van Houtum [11] simultaneously consider the BLT between main local warehouses and the ULT from main local warehouses to regular local warehouses. Liu and Lee [19] address the unidirectional substitution of VOLUME 6, 2018 multiple product requirements for single-location spare parts inventory system, which means that the demand for a product can be met by another product from a higher class. They consider two kinds of substitution, i.e. substitution upon demand arrivals and substitution on order deliveries.
In order to clearly show the research gap, we summarize the characteristics of the existing research and show them in Table I . From the previous literature review and Table I , it is obvious that this work differs from the existing research. Firstly, this work concentrates on the transshipment flexibility which includes no LT, ULT, BLT, MLT, and SLT. To the best of our knowledge, there is no similar research in the literature on spare parts network. Secondly, this work is concerned with the design of spare parts network under the restriction of time-window based service level, not the evaluation of a given system. van Utterbeeck et al. [28] consider the restrictions of time-based service level, rather than time-window based service level constraints, while Tiacci and Saetta [26] do not consider service level constraints.
III. MODEL DESCRIPTION
For the transshipment network design, the first issue to consider is the need to establish transshipment links between the warehouses, which involves the determination of the transshipment participants (e.g. all or part of the warehouses), and whether unidirectional and/or bidirectional transshipment is employed. Much of the existing literature takes into account the two-way link between all warehouses, that is, a full pooling policy. But this does not mean that a complete pooling policy fits all the spare parts networks. In some cases, a complete pooling policy may be impractical due to the inherent drawbacks in its implementation, such as the difficulty of establishing transshipment agreements between all warehouses, the complexity associated with analyzing the system, and the investment requirement in physical distribution systems, information systems interconnection, and financial and administrative arrangements. For instance, Lien et al. [18] employ both analytical and simulation methods to show the effectiveness and robustness of the chain configuration. However, they do not consider the coexistence of unidirectional and bidirectional transshipment. The designs of transshipment system are shown in Figs. 1 and 2. Fig. 1 presents the designs for a singlelevel system, composed of a manufacturer (MP) and three local warehouses (LW) usually located near the customer. The designs in Fig. 1 are suitable for the following scenarios: (i) a manufacturer is close to its customers; (ii) the logistics between manufacturer and its customers is convenient 57574 VOLUME 6, 2018 In the systems showed in Figs. 1 and 2, all local warehouses face Poisson demand for spare parts and use a continuous review (S-1, S) policy to replenish their inventory from CW or MP, which is a common policy for service parts in the literature. Each warehouse firstly uses inventory on hand to meet its demand. When it happens to stock out, it will turn to emergency transshipment from adjacent warehouses, and the units it received are not allowed to resupply other warehouses once again. Finally, still unmet demand will be backlogged. That is to say, transshipment requirements can be satisfied partially. Assuming a complete pooling policy is employed, which means the source warehouse will share all of its available inventory with the out-of-stock warehouse asking for transshipment. If there is more than one warehouse that can supply the transshipment demand, transshipment suppliers will be chosen in turn according to the least-cost rule. Both demand arrival and transshipment will cause the replenishment at local warehouse and order lead times for all warehouses are fixed. Unmet customers are served complying with first-come-first-served (FCFS) principle.
For the subsequent reference, here we present the list of notations used throughout the paper: 
IV. SIMULATION OPTIMIZATION
In order to evaluate the designs in section 3, we need to estimate their best performance. That is to say, for each design, we need to find a set of basic stock levels at local warehouses to minimize the total system cost and comply with service level constraints. Here we use a simulation optimization methodology to solve this problem. Firstly, we construct a discrete event simulation model of the problem in Arena software. Then we set the parameters of transshipment system and simulation procedure, and run the simulation model. At the end of simulation, according to the simulation results, we set the initial value and allowable range of inventory level at local warehouses, as well as the optimization objective function and service level constraints. Finally, we employ the OptQuest component in Arena to obtain the near-optimal inventory distribution and the minimal total cost. In order to cut down the execution time, we adopt a two-stage optimization scheme using Optquest. In stage 1, we roughly explore the solution space with a greater increment to determine the potential region of the optimal solution. In stage 2, we elaborately exploit the potential region to obtain the near-optimal solution by using smaller step size. Simulation optimization is employed for the following reasons. First of all, simulation optimization is used in order to be closer to reality. Due to the complexity of real-world supply system, it is usually impossible to establish its exact mathematical model, a certain degree of simplifying assumptions is difficult to avoid. Take a step back, even though the precise model can be developed, it is hard to be approached analytically, and usually only approximation can be resorted to (e.g. Alfredsson [24] ). However, with the help of mature commercial software packages (e.g. Arena), complex supply system can relatively easily be converted into computer simulation model without simplification. Moreover, Simulation results are also commonly used as benchmarks to measure the performance of other methods (Sherbrooke [25] ). Secondly, we think simulation optimization is very suitable to solve our problems. Our work focuses on the design of spare parts network with various transshipment flexibilities. If the analysis approach based on mathematical model is adopted, we need to develop multiple different models, design corresponding solution methods, and carry out a large number of experiments. No doubt, the workload is enormous and unimaginable, but the effect is not necessarily good due to the simplifying assumptions and/or approximations. Whereas, simulation optimization based on commercial software is relatively simpler in modeling, designing the solution method and carrying out experimentation, and has more operational flexibility, such as the switching of performance measure (van Utterbeeck et al. [28] ).
A. SIMULATION PROCESS
For warehouse i, let Q i denote unmet demand queue, W i is outstanding orders (in-transit stock), I i is current stock level, O i represents the replenishment demand. The simulation process can be stated as follow:
Step1: Simulation begins Step2: Simulation initialization 1) Set the simulation time length, initialize the simulation clock to 0 2) Initialize the system parameters, e.g. cost parameters. Correspondingly, W i is reduced and the inventory levels I i is adjusted. 2) If no CW, skip this step. Similarly, if there is an order arrival in CW, it firstly will be used to meet the backordered demand in Q 0 in accordance with FIFO principle. When the value of an element in Q 0 is reduced to 0, the element will be removed from Q 0 . After that, I 0 and W 0 will be changed correspondingly. 3) If no SW, skip this step. If the order of SW arrives, inventory level I N is increased, W N is reduced. Step4: For each LW, the demand is generated by Poisson distribution, and then inventory level I i is reduced because of meeting the demand. If there is residual unmet demand, it will be inserted into the tail of Q i . In the meantime, AD i and mi are updated.
Step5: If no CW, skip this step. CW meets the replenishment request from LW, I 0 is reduced O 0 units, and set O 0 = 0. The unmet demand is inserted into the tail of Q 0 .
Step6: Carry out transshipment module in terms of system configuration. The Inventory levels for the involved LWs and SW are adjusted, the associated Q i is updated. Meanwhile, AL ij and mij are updated.
Step7: For each warehouse, if I i + W i ≤ S i − 1, place a replenishment order of O i units to the MP or CW, and set arrival time of the order in the light of lead time T i . The cumulative replenishment quantity AR i is updated, total replenishment request of CW is computed through
Step8: Calculate AI i , and evaluate system performance. Step9: If current simulation time is less than simulation length, then simulation clock plus 1, and the procedure turns back to Step3.
Step10: Simulation ends.
B. TRANSSHIPMENT RULES
Although the specific process of transshipment module varies with the system configuration in Figs.1 and 2 , it follows the same two kinds of transshipment rules. The first rule is for transshipment between LWs. Each local warehouse has its own list of preferential transshipment sources, which is determined by network configuration and arranged in the non-decreasing order of transshipment cost. If the transshipment costs of LWs are the same, then alternatives will be arranged in the non-increasing order of current remaining inventory level. When a warehouse is out of stock, it will forward scan its own list of transshipment sources from the list header until the shortage is eliminated or the scan arrives at the tail of the source list. In the search, it will transship as many units as possible from the warehouse with a positive inventory.
The second rule is on transshipment from SW. SW satisfies the transshipment request from the stockout LW as much as possible until its stock is 0. If SW receives transshipment requests from multiple LWs, it will meet their requirements in turn, according to a non-decreasing order of CL iN .
C. OPTIMIZATION OBJECTIVES AND SERVICE LEVEL CONSTRAINTS
The simulation optimization objective function of singlestage system without SW is,
The simulation optimization objective function of single-stage system with SW is,
For the simulation optimization objective function of two-level system, we merely need to change the subscript of the first term of formula (1) and (2) into i = 0.
Let V i be the transshipment source list of local warehouse i, the service level constraint of all designs can expressed below,
Where TS mi = mi + j∈V i mij Lλ i . When the transshipment only from SW is considered, all LWs' V i will contain only one element, i.e., SW.
D. EVALUATION INDICATORS
Due to the dynamic nature of multi-location inventory system, we need to measure the steady state performance of supply system under a set of given system parameters. This can be realized by setting sufficient simulation time and repeating multiple simulations. Furthermore, the average result under different combinations of factors will better demonstrate the advantages of a specified design. So we design the following set of indicators.
It is assumed that there are U experimental settings for each design in Figs. 1 and 2 , this will result in U * 14 optimization problems in all. For each experimental setting, we calculate the total cost of each design by simulation optimization. And then, we will tag the optimal design of the single-level and the two-level systems according to the total cost. At the end of the simulation in all cases, we separately count the number of optimal tags for each design. Let Num k indicate the number of the optimal tags for design k, the percentage which design k is the best can be written as,
The mean total cost per unit time per local warehouse is,
Where TC = 1 U U u=1 TC u is the average total cost of a design in all cases.
The mean inventory level per unit time per local warehouse is,
The average percentage of LW's requirement met by on hand stock is,
The average percentage of LW's requirement satisfied by lateral transshipment is,
V. SIMULATION EXPERIMENTS A. EXPERIMENTAL SETTINGS
For each design in Figs.1 and 2 , we construct 48 sets of experiments by changing the values of system parameters such as demand rate, lead time, holding cost, ordering cost and transshipment cost, as well as the limits of service level. This leads to 672 simulation optimization problems. Table 2 shows the possible values for these system parameters. with the same cost parameters are different, the former is 10, and the latter is 15.
The simulation warm-up period is set to 30 days, the length of the simulation is set to 300 days. Every simulation process will be repeated 500 times, OptQuest optimization process will also be repeated 500 times accordingly.
B. EXPERIMENTAL RESULTS
Figs. 3, 4, 5 and 6 show that the optimal total cost of each design varies with the experimental number. The solid rectangles with right-and left-pointing triangles represent the optimal designs with minimal total cost. From these figures, we can obtain the following observations. Compared with the case of weak service level, the total cost in the case of strong service level is higher. Due to the periodic change of the cost parameters, the total cost presents the corresponding periodic characteristics. The total cost of two-echelon system is larger than that of single-echelon system. Besides, single-echelon design 1-f and two-echelon design 2-c have the highest probability of being optimal when service level restriction is [50%, 65%, 80%]. When strong service level is required, the designs with SW perform better. However, apart from these observations, we cannot find other regular relationships, such as the relationship between total cost and system parameters. So we shall employ the proposed evaluation indicators to analysis the experimental results in the next subsection.
On the contrary, inventory distributions of the system are very regular in 48 sets of experiments. At first, we find that inventory distributions of the system are affected only by demand rate, lead time and service level constraints, and the cost parameters don't have no effect on the inventory distribution. Tables 3 and 4 show all inventory distributions that appear in the experiments. Secondly, when the demand rates at local warehouses become more unbalanced, the system inventory distribution will reflect this imbalance to some extent, but the total system inventory is almost unchanged. Thirdly, the lead time has a significant impact on inventory distribution. When the lead time becomes longer, the total system inventory will increase significantly. Fourthly, the total system inventory under strong service level is much higher than one under weak service level. In final, the introduction of SW doesn't increase the overall system stock. Instead, the systems with SW hold lower stock under strong service level.
C. EFFECTS OF TRANSSHIPMENT LINK ON SYSTEM PERFORMANCE
Here, we use the evaluation indicators in the previous section to assess the designs. Tables 5 and 6 show the results, which are summarized in Fig. 7 to Fig. 10 for more clarity.
In comparison with non-transshipment designs, transshipment policy is nearly always beneficial. In all cases, transshipment technique decreases the average inventory, increases the fill rate of customer demand from the values of Aα + Aβ. Except for design 2-e, other designs with LT generate lower average cost. In terms of the optimality, the design without transshipment has only one time in all cases, others belong to the designs with transshipment. The restriction of service level has significant effect on system performance. In all cases, strong service level cause the significant increase of average cost and inventory for local warehouse. In terms of the fill rate, the situation is complicated. In comparison with weak service level, the fraction of LWs' demand satisfied through transshipment sharply declines, while the percentage of customers served directly from on hand stock increases significantly. That is to say, when LWs face strong service level constraints, they will rely VOLUME 6, 2018 primarily on stock on hand to meet customer demand and will have little ability to help each other. However, owing to the fact that the rise exceeds the reduction, the overall fill rate of customer demand is still increasing in the case of strong service level (see Fig. 10 ). As for the optimality, the optimal solutions mainly concentrate on designs 1-f and 2-c under weak service level. In the case of strong service level, the optimal solutions are relatively scattered, and designs 1-g and 2-g with SW have better performance (see Fig. 7 ).
According to the numerical results, we can also find that full pooling policy is not necessarily the best configuration of service spare parts networks. At first, let us see the case of weak service level. Although the optimal ratio of design 1-f accounts for 58.33% of all cases, its average cost is higher than one of design 1-c with the optimal faction of 29.17%. For the two-stage system, the complete pooling design 2-f has no optimal tag at all. On the contrary, the optimal percentage of design 2-c arrives at 70.83%, which is a one-way loop chain. So, what about strong service level? This time, the option of support warehouse is more excellent. The designs with SW ingather more optimal tags, 50% for design 1-g, 33.33% for design 2-g. Accordingly, we can say that design 1-f is a very good scheme for single-stage system except for the option of support warehouses (see Fig. 7 ), but it is far from optimal for a two-level system.
As for other resupply flexibility, such as design 1/2-b, 1/2-c, 1/2-d, and 1/2-e. With the increase of transshipment flexibility, the mean performance of the system doesn't reflect the corresponding trend of getting better. Especially, the hybrid designs (1/2-d, 1/2-e) seem to have no advantages. They may, however, be more suitable for specific situations, e.g., the consideration of online and offline channels. Therefore, there is not a transshipment design that can be applicable to all situations. Rather, it is necessary to select an appropriate configuration of transshipment network and operational flexibility according to the specific situation of the actual problem.
VI. CONCLUSIONS
Many researches have shown that lateral transshipment is an effective strategy to improve the flexibility of supply systems and is widely used in practice. However, the existing literature on the design of service parts network only considers two-way transshipment. In this work we address the single-stage and two-stage supply systems with timewindow based service level, and design 14 kinds of network configurations by considering the following options, namely, no LT, ULT, BLT, MLT, and SLT. In order to evaluate these designs, we develop a general simulation optimization methodology which can help practicing logistics managers determine an efficient design for a specific service part supply system.
By changing the value of system parameters, we construct 48 sets of simulation experiments. From these experiments, we obtain the following conclusions:
(1) In almost all cases, the system performance of the design with LT is superior to the one with no LT.
(2) The suitability of LT policy depends heavily on the numerical values selected for the various parameters, as well as on the types of costs taken into account and on the constraints imposed. There is no an optimal design suitable for all situations.
(3) Under the constraint of a strong service level, the designs with SLT show more outstanding performance, such as the highest proportion of optimal design. This suggests that when the possibility of collaboration between LWs decreases, it is a better choice to introduce other external flexibility, such as an emergency order, transshipment from SW or pipeline stock.
(4) From the mixed transshipment point of view, the system performance can be improved by providing more supply flexibility to the LW with higher demand rate.
(5) An increase of service level requirements will lead to an increase of system stock and total cost, as well as an increase in the percentage of demand met by on stock on hand, and a reduction in the fraction of demand satisfied through LT.
(6) From our simulation experiments, complete pooling policy is very good choice for single-level supply systems.
In conclusion, the contribution of our work is threefold. Firstly, as far as we know, no other comparable research considers simultaneously the restriction for time-window based service levels, and multiple alternatives of transshipment. Secondly, we develop a general simulation optimization methodology. Thirdly, we obtain some rough guidelines regarding the design of service parts networks.
Based on this work there is, however, scope for future investigation. One option could be to impose the supply flexibility from emergency orders or pipeline stock, as well as a more realistic and complex cost structure.
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